Several DNA sequences similar to the mariner element were isolated and characterized in the platyhelminthe Dugesia (Girardia) tigrina. They were 1,288 bp long, flanked by two 32 bp-inverted repeats, and contained a single 339 amino acid open-reading frame (ORF) encoding the transposase. The number of copies of this element is approximately 8,000 per haploid genome, constituting a member of the middle-repetitive DNA of Dugesia tigrina. Sequence analysis of several elements showed a high percentage of conservation between the different copies. Most of them presented an intact ORF and the standard signals of actively expressed genes, which suggests that some of them are or have recently been functional transposons. The high degree of similarity shared with other mariner elements from some arthropods, together with the fact that this element is undetectable in other planarian species, strongly suggests a case of horizontal transfer between these two distant phyla.
Introduction
Mobile genetic elements (also called transposable elements or TEs) are widespread in all major phylogenetic groups (for a review, see Berg and Howe 1989; Kidwell 1992; McDonald 1993 ) , and it is assumed that they represent a significant constituent of eukaryotic genomes. Questions about the origin and evolution of TEs themselves as well as their influence on the evolution of their hosts are still far from completely understood. The mariner transposable element is a small member of the Class II group of DNA elements ( Plasterk 1993 ) , which transpose directly from DNA to DNA. It represents one of the simplest forms of an autonomous DNA transposon as it consists of one gene without introns, flanked by two short inverted-repeat sequences ( Hart1 1989) . The encoded protein is presumably the transposase, which seems to be responsible for mediating transposition by excising, exchanging, and fusing DNAs in a coordinated manner.
Originally, the mariner transposon was described in Drosophila mauritiana (Jacobson et al. 1986 ) as the cause of somatic genetic instability of the mutant peach in the white locus. In contrast to the Drosophila P element, which is limited to transposing in germ line tissue Key words: transposable element, planarian, Dugesia tigrina, mariner, ZS630-Tel superfamily, horizontal transfer. (Rubin and Spradling 1982) ) it is functionally active in both germinal and somatic cell lines ( Bryan et al. 1987 ) . This element has also been found in organisms of the Arthropoda phylum other than Drosophila ( Lidholm et al. 199 1; Maruyama and Hart1 199 la; Robertson et al. 1992; Bigot et al. 1994) . In a more exhaustive search for mariner elements in arthropods, performed by polymerase chain reaction (PCR), the distribution of mariner within this phylum has been shown to be widespread, albeit sporadic (Robertson 1993; Robertson and MacLeod 1993) . Horizontal transfer or transmission of genetic material by means other than gametes has been put forward (Kidwell 1992 (Kidwell , 1993 to account for both the presence of mariner elements in different representative members of arthropods, while being undetectable in many sibling species, and the high level of similarity shared by all the mariner-like sequences isolated, which is not consistent with the phylogenetic distances between the organisms bearing them.
Beyond arthropods, the presence of mariner elements has also been reported in nematodes (Sedensky et al. 1994) . Our group detected a mariner-like sequence close to a planarian (phylum Plathyhelminthes) homeobox-containing gene and briefly reported its similarity to the arthropod elements (Garcia-Femandez et al. 1993a) . Here, we report that the genome of the planarian Dugesia tigrina contains a high copy number of mariner elements. Genomic Southems, PCR data, and sequence analysis of seven independently isolated planarian mariners indicates that they are highly conserved and that, probably, some of them are active transposons. -DNA sequence of the planarian mariner-l element and the corresponding amino acid translation, encoding the transposase. The putative TATA box is boxed, and the polyadenylation signal is double underlined. The position of two putative transcription start points (ts) and the 32-bp terminal inverted repeats are indicated by arrows. The position of relevant restriction sites for the genomic Southern blot experiment ( fig. 2 ) are also indicated, and the duplicated dinucleotide targets TA are boxed (the target sites are excluded from the nucleotide numeration).
Material and Methods

Species
Ten Platyhelminthes species belonging to different families were used in this study. Dugesia tigrina ( 1 ), Dugesia gonocephala (2 ), Dugesia (Schmidtea) mediterranea ( 3 ) , Dugesia polychroa ( 4)) Polycelis felina ( 5 ) Geoplana sp. ( 6)) and Monocelis lineata ( 7 ) belong to the order Seriata; Dalyellia viridis ( 8) is from the order Neorhabdocoela; Discocelis tigrina (9) belongs to the order Polycladida; and Macrostomum tuba ( 10) is from the order Macrostomida. Finally, Prostoma ehilardi ( 11) is a representative of the phylum Nemertina. Animals were collected as follows: species 1, 2, 3, 5, 9, 10, and 11 were collected near Barcelona (Spain) ; species 4 comes from Germany; species 6 from Uruguay; species 7 from Italy; and species 8 from Madrid ( Spain). Twoweek-starved organisms were used in all experiments. Genomic DNAs were obtained as previously described (Garcia-Fernindez et al. 19933) .
sequences homologous to a partial mariner element found upstream of Dth-2 gene (Garcia-Fernsndez et al. 19933) . The DNA probe extended from nt 444 to nt 10 10 of figure 1 and contained only a coding sequence. Hybridization with the 32P-random primed labeled probe was carried out on nitrocellulose filters (Schleicher & Schuell) at high-stringency conditions (Sambrook et al. 1989 ).
Restriction Analysis and Sequencing
Library Screening
Seven positive clones were randomly selected, characterized by restriction mapping, subcloned into pBluescript +SK (Stratagene) using standard techniques (Sambrook et al. 1989) , and sequenced. Sequencing was carried out using T7 DNA polymerase (Pharmacia), with further subcloning and use of specific internal primers. Nucleotide sequence data were analyzed with the Sequence Analysis Software Package of the Genetics Computer Group of the University of Wisconsin (Deveraux et al. 1984 ).
Southern and Northern Blotting Approximately IOO,OOO recombinant clones from
Five pg of total genomic DNA of Dugesia tigrina a genomic library of Dugesia tigrina were screened for was single-digested with either EcoRI, HindIII, BamHI, PstI, XhoI, SmaI, PvuII or KpnI, and double-digested with the following enzyme combinations: XbaI / HindIII, SalI/ EcoRI, and XbaI/EcoRI. The same quantity of DNA from the planarian D. mediterranea was digested with either EcoRI or BamHI. DNAs were separated in a 0.8% agarose gel and transferred to nylon membranes (Amersham) by capillary blotting. Total cellular RNA was isolated from intact and regenerating planarians, by the guanidinium thiocyanate method (Chirgwin et al. 1979 ) . Hybridization was carried out at high-stringency conditions as previously described , with the same probe used in the library screening.
PCR Amplification of Several Plathyhelminthes Genomic DNA PCR was performed on 100 ng of genomic DNA from each tested species. The reaction (50 I..L~) was made in Promega buffer including 1.5 mM MgC12, 200 PM of each dNTP, 0.4 mM of primer (5' TTAGGTTGTT-CGATATGAAACG 3 ' , positions l-22 of the inverted repeat) and 1.5 units of Taq polymerase. PCRs were carried out in a Perkin-Elmer programmable thermal controller for 30 cycles. Cycling conditions were 94°C for 1 min, 58°C for 1.5 min, and 72°C for 1 min. After the PCR, a fraction of the reaction was run in a 1% agarose gel, transferred to nylon membranes, and hybridized with the same probe and in the same conditions used in the library screening.
Results
Detection of a mariner Element
While analyzing the genomic structure of the planarian homeobox gene Dth-2 (Garcia-Fernandez et al. 1993b ), the restriction maps of different lambda clones did not match completely outside the gene region. In the clone hs5 we found, 1 kb upstream of the transcription start of Dth-2 and in the opposite orientation to this gene, an unusually long open-reading frame (ORF) of 263 amino acids. A computer search indicated a high level of similarity with the transposase coded by the Drosophila mauritiana mariner element (Jacobson et al. 1986; Maruyama and Hart1 1991 b) ; Then, we hybridized the phages encompassing the same region with a probe derived from this ORF. Only some subsets of the phages showed a hybridization signal, indicating the polymorphic presence of this element in that genomic region.
Copy Number and in Dugesia tigrina
Genomic Distribution of mariners
In order to isolate a full-length mariner element, we screened a genomic library of D. tigrina at high-stringency conditions, with a probe containing the open-reading frame of the mariner element. Approximately 7,000 positives were found in the screening of 100,000 independent lambda plaques, and nine randomly selected positives were further analyzed (hM l-9). Their restriction map showed no similarities, indicating that they corresponded to different genomic regions. Assuming that mariner cop ies are dispersed in the genome and taking into account the haploid size of the genome of D. tigrina ( 1,4 X lo9 bp, E.S. and J.B., unpublished data), the number of positives obtained in the screening of a genomic library with the mariner probe indicated that D. tigrina contained approximately 8,000 copies per haploid genome of mariner-like sequences, approximately 0.7% of its genome.
One of the clones (hM2) was further characterized, and the complete mariner element was sequenced. Figure 1 shows the sequence and protein translation of this element, named planarian mariner-1.
Based on the restriction map, we designed a genomic Southern blot experiment, in order to investigate the size distribution and the sequence conservation of mariners in the D. tigrina genome. Total genomic DNA was digested with restriction enzymes that did not have recognition sites in planarian mariner-1 (SmaI, XhoI, PstI, BamHI, and PvuII); enzymes that had one restriction site (EcoRI and HindIII); one enzyme that presented two internal sites (KpnI); and combinations of two enzymes that had one restriction site each within mariner (XbaI plus HindIII, XbaI plus EcoRI, and Sal1 plus EcoRI). The probe used (from nt 44 to nt 10 10, containing only coding region) revealed a multiple-band pattern, typical of repetitive DNA dispersed in the genome, in those digestions with enzymes that did not present any internal site ( fig. 2) . Most of the hybridization corresponded to high molecular weight bands: this could be due to the enzymes used, which are rarecutter in the A/T rich genome of planarian (GarciaFernandez et al. 199 1) . However, when digesting with either EcoRI or HindIII, whose target sites were not so rare in the D. tigrina genome, the hybridization signal presented a well-defined inferior limit ( fig. 2 ). This inferior limit precisely matched the distance from the internal restriction sites to the 5' end of mariner-1 ( 1,100 bp for EcoRI and 1,040 bp for HindIII) . The smear along these lines strongly suggested a random distribution of mariner copies rather than distribution in tandem repeats. Even in short exposure times, no discrete bands were detected (data not shown). Digestions with enzyme combinations that presented internal sites gave an interesting result: a strong, discrete ORF coding for 339 amino acids, and 5' and 3' untranslated regions of 158 bp and 45 bp, respectively (excluding the inverted repeats). Mariner-2 presented a nucleotide deletion at position 1197 that enlarges the ORF through the genomic region, and mariner-7 shows another single nucleotide deletion at position 455 that produces a frameshift and thus a truncated transposase (stop codon at position 486-488). Figure 3 depicts the differences among the planarian mariners sequenced. On the average, all elements were more than 99% similar at the nucleotide level, no differences being observed in the inverted repeats, while a single substitution was observed in the 5 ' and 3' untranslated regions in mariner-9 and mariner-3, respectively ( fig. 3) . Most of the substitutions were scattered in the coding region.
In order to infer if there was any evolutionary trend of the mariner sequences, we analyzed the number and distribution of the nucleotide substitutions in the coding region. As this number is very low between every two single sequences, we have considered all of them as a group. According to mariner-l sequence, there were 26.5% synonymous and 73.5% nonsynonymous positions. We found a total of 7 synonymous versus 20 nonsynonymous substitutions (including lbp deletions and a nucleotide substitution in the stop codon as single nonsynonymous events). Hence, these sequences appeared to be evolving neutrally as the nucleotide substitutions distributed randomly through synonymous and nonsynonymous positions (x 2 = 0.007; P > 0.95).
Although there is no definite proof that these mariner copies are functional, several features of their se- quence suggest that, at least some of them, are or have been recently transcribed (see fig. 1 ). First, in most elements analyzed, the ORF is continuous, with neither stop codons nor deletions nor frameshifts, which have usually been observed in mariners of other organisms (Lidholm et al. 199 1; Maruyama and Hart1 199 lb; Robertson 1993; Robertson and MacLeod 1993; Bigot et al. 1994; Sedensky et al. 1994) . Second, many of the characteristic signals of transcribed genes are found in planarian mariners. In all of them, the 5' untranslated region contains a possible TATA box that agrees with the consensus (Breathnach and Chambon 198 1) ) and a sequence very similar to that of other planarian transcription start sites (Garcia-Fernandez et al. 1993b ) is found at an appropriate distance from the TATA box. Furthermore, the region surrounding the codon start ATG is in agreement with the requirements of the leader sequences and translation start points (Hultmark et al. 1986) . With respect to the 3' untranslated region, the stop codon is followed by a canonical polyadenylation signal. Finally, the codon usage analysis of the presumptive ORF shows a clear bias toward the use of A or T in silent positions (60% of silent third-codon positions were A or T), a percentage very similar to other functional planarian (Garcia-Fernandez et al. 19933) and other lower invertebrate genes (Fisher and Bode 1989) . The terminal inverted repeats were 32 bp in length, with only one mismatch between the left and right repeats. The insertion of all planarian mariners analyzed seems to have produced a duplication of the dinucleotide TA, characteristic of the IS630-Tel-mariner insertions fig. 1 . Mariner-0 sequence is 1 ,O 10 nucleotides long, while mariner-7 has a nucleotide deletion at position 455 that produces a stop codon at positions 486-488 and is here considered as a frameshift. In mariner-2 the terminal stop codon is skipped by a deletion of nt 1197. Planarian mariner sequences have been deposited in the GenBank/EMBL databases under the accession numbers X7 1979, X80776, X80777, and X80893-80897. 
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FIG. 4.-Alignment of the left inverted repeat of mariner-like sequences from Dugesia (G) tigrina (Pmar-1), Hyalophora cecropia moth (Hcmle; Lidholm et al. 1991) , Drosophila mauritania Mos-1 (Medhora et al. 1991) , Drosophila erecta (Derec, GenBank accession number UO8094), lacewing Crisoperla plorabunda (Cplor, Robertson et al. 1992) and Caenorhabditis elegans ZK370 (GenBank accession numbers M98552 and L18807). A consensus sequence between all these elements is also shown. (Jacobson et al. 1986; Doak et al. 1994) . Although the inverted-repeat length varies in different families of mariner elements from 27 bp to 38 bp, a central core of similarity is observed in the elements isolated up to now ( fig. 4) The putative transposase coded by planarian mariners is 339 amino acids long. There are no reports on the structure of mariner transposases, although a clear similarity to Tc-1 transposase has been pointed out (Henikoff and Henikoff 1992; Doak et al. 1994; Robertson 1995 ) , defining some conserved amino acid boxes. Several features of the sequence can be noted: it is very rich in charged amino acids (24%, 11% basic residues and 13% acidic residues), and some usually rare residues are relatively abundant in D. tigrina mariners (7 residues of Trp, 10 of Tyr, and 16 of Phe) . The conserved amino acids observed in the superfamily Tel-mariner may be key residues for the function of the transposase, and they are mostly conserved in planarian mariners (fig. 5 ) . It is worth mentioning the conservation of the D( 34) D motif, which is similar to the known relevant D( 35 ) E motif of bacterial transposases and retrovirus-retrotransposon integrases (Doak et al. 1994) , and the presence of the Phe residue 356, which has been shown to be critical for (Robertson 1995) are highlighted in bold. Residues also shared by the Tel-mariner superfamily (Doak et al. 1994; Robertson 1995) are indicated below by a bold asterisk. The glutamic acid residues of the D34D motif are indicated by arrowheads. An asterisk (*) indicates a stop codon in the aligned reading frame, and the pound symbol (#) indicates a frameshift to maintain an aligned reading frame. MLE sequence references are as follows: Hyalophora cecropia moth (Lidholm et al. 199 l) , Drosophila mauritania Mosl (Medhora et al. 199 l) , lacewing Crisoperla plorabunda (Robertson et al. 1992 ) the partial sequence of the ant Chromatogaster cerasi (Robertson and MacLeod 1993) , Drosophila erecta (GenBank accession number UO8094), Caenorhabditis elegans cons (first reported by Sedensky et al. 1994 ; the consensus sequence of three elements according to Robertson (1995) is used here, GenBank accession numbers X77804 and U10438), and C. elegans ZK370 (GenBank accession numbers M98552 and L18807). in this organism. However, not all the mariner sequences should be functionally active neither under selective constraint. A reduced number of fully active transposons could be responsible for the maintenance and spread of the element, while the mariner sequences as an average could be evolving neutrally, rapidly acquiring mutations and becoming a stable repetitive DNA in the D. tigrina genome.
The amino acid similarity between complete mariner sequences from planarians and other organisms was variable and ranged from 28.4% to 56.5%. However, some parts of the coding sequences were more conserved than others, which indicates that they are important regions for the transposition function. Some authors reported that mariner belonged to a superfamily of transposons, together with Tel, Tesl , and bacterial IS elements (Doak et al. 1994; Robertson 1995) . All of them share conserved residues or boxes ( fig. 5) ) one of them being the D( 34)D motif, which is also conserved in the mariner sequences isolated in D. tigrina.
Another interesting issue is how the mariner elements have spread so much in the D. tigrina genome, while in most organisms they are present in low numbers (except for Hyalophora cecropia, where there are about 1,000 copies per genome). The D. tigrina used in our analysis is a planarian that reproduces asexually by fission. Planarians are well known for their ability to regenerate completely the body after excision, due to the totipotency of particular somatic stem cells, called neoblasts (Bagufia 198 1) . These are the only cells capable of reproducing, differentiating, and replacing the old differentiated cells, as well as giving rise to gerrn cells.
The mariner element is one of the few transposons which is active in both somatic and germ cells. In asexual forms they may colonize one or more totipotent neoblasts and then expand, as these cells divide and differentiate, into differentiated somatic cells. Dugesia tigrina is native to North America, where it is widely distributed, forming a polytypic species with sexual, asexual, or alternate sexual /asexual forms ( Kenk 1976) . Since sexual D. tigrina from North America also bears mariner elements ( H. Robertson, personal communication ) , the most parsimonious hypothesis for the presence of current mariner in the asexual European forms would be that they were previously introduced in the sexual ancestors. Screening for mariner elements in other D. tigrina populations could give interesting data as to the origin and evolution of these elements and of their hosts.
The number of mariner elements in the D. tigrina genome, the highest so far reported for any species, remains to be clarified. It can be speculated that a factor similar to Mos of Drosophila mauritiana (Jacobson et al. 1986; Medhora et al. 1988 ) could exist in D. tigrina. Mos is a special mariner element that is capable of inducing not only its own transposition but also that of other mariner elements. It has been proposed as a possible evolutionary mechanism for a rapid increase and decrease in the number of mariner copies in the genome (Lidholm et al. 199 1) . A reasonable guess of the number of functional genes in D. tigrina is between 5,000 and 15,000. If this is so, an important fraction of these genes may have a mariner copy nearby. Such situation would represent an unbearable load to any genome, so it is worth considering whether it gives asexual D. tigrina any selective advantage. Conversely, asexual organisms cannot get rid of their mariner or other transposons by purifying selection through the germ line. Then, a complex equilibrium can be envisaged between rates of transposition (possibly accumulated by the high rate of neoblast proliferation) and excision (due mainly to recombinational events) to result in the actual copy number.
The presence and distribution of mariner-like sequences was also tested in the genome of another close planarian species, Dugesia mediterranea by Southern blot and hybridization, and in the genomes of different Platyhelminthes by PCR. No similar mariner sequences have been amplified in the analyzed species, although the possibility of sequence divergence in the inverted repeat region precluding the amplification of marinerlike sequences in other organisms cannot be discarded on the basis of our PCR results. Moreover, the Southern blot of the close species D. mediterranea showed clearly that no similar sequences could be detected even using low-stringency hybridization conditions. These results indicated that if present in other Platyhelminthes, the miriner elements would not be very similar to those of D. tigrina and that the distribution of this element in the phylum is irregular. The most extreme hypothesis is that only D. tigrina has been "infiltrated" by mariner. Robertson and McLeod ( 1993) proposed the existence of several subfamilies within the mariner elements, according to sequence similarity. The planarian mariner element locates in the cecropia subfamily, closer to a partial mariner element from the ant Chromatogaster cerasi. Five of the subfamilies presented arthropod hosts, the Caenorhabditis elegans elements being the more divergent subfamily. Interestingly, the arthropod mariner sequence tree did not agree with the phylogenetic positions of the hosts bearing them (Maruyama and Hart1 199 1 b; Robertson 1993 ) . This result, together with the undetectability of mariner-like sequences in sibling species, strongly supported the feasibility of horizontal transfer between organisms. A similar argument would apply to the results obtained with Platyhel-minthes. It could be argued that mariner is a very ancient transposon which spread very early, in the precursor of most of the actual phyla. Some of the lines could have lost the transposon while others allowed its continuity. However, for this hypothesis to be accepted, some results remain to be understood: the sporadic distribution between sibling species, which have diverged recently in evolutionary time, and the great similarity shared by elements which are in very different phyla, which is in contrast to the divergence that some mariner elements present in more closely related species. Horizontal transmission of mariner, at least between some of the organisms, seems a more plausible explanation to account for the present distribution and sequence similarity among different hosts. Therefore, the presence of mariner in D. tigrina is one of the first examples in which trans-phyla horizontal transfer, possibly from an arthropod lineage voked.
to this Platyhelminthe species, must be in-A further implication is the fact that this transferred transposon may be active in many different organisms (even from different phyla), which thus opens the possibility to develop a new genetic tool: an integrative system of heterologous DNA. In fact, a mariner-derived vector has recently been used to transform successfully Drosophila melanogaster germ line (Lidholm et al. 1993) . Although the mode of operation and requirements of this transposon are not well known, as the knowledge of the host organisms able to foster mariner multiplication expands, it should be possible to develop a more general integrative vector. Such a general vector will certainly be of great interest for using on those organisms where transgenesis is hampered because no means for DNA transfer has yet been developed. However, if Tel-mariner vectors have the capability of infiltrating the genome of most animals, the effects of possible accidental horizontal or vertical transfer will have to be considered very seriously.
